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Abstract 
 
An outstanding feature of topological quantum materials is the current-induced spin polarization due 
to the unique spin-momentum locking (SML) characteristics of topological states. However, electrical 
creation and detection of spin polarization of Dirac surface states in topological insulators by reliable 
non-local methods as well as the spin injection functionality into non-magnetic materials are so far 
limited to cryogenic temperatures due to the parallel bulk band conduction issues. Here, we report 
current-induced spin polarization, i.e. the Edelstein effect (EE) and its inverse phenomenon (IEE) in 
type-II Weyl semimetal WTe2 up to room temperature. Contrary to the conventional spin Hall and 2D 
Rashba-Edelstein effects, our measurements show an out-of-plane electrical field-induced spin 
polarization in WTe2 due to SML of the spin-polarized bulk Fermi states. Such perpendicular spin-
current channel is possible in WTe2 due to its lower crystal symmetry, large Berry curvature and spin-
orbit interaction (SOI) with a novel spin-texture of the bulk bands. We demonstrate the robust electrical 
creation and detection of spin polarization by EE and IEE, respectively, and utilized such spin 
polarization to efficiently induce a non-equilibrium spin accumulation in the adjacent graphene 
channel up to room temperature. These findings open opportunities for utilizing topological Weyl 
materials as non-magnetic spin sources in all-electrical van der Waals spintronic circuits and 
understanding their novel spin functionalities at ambient temperature by design of crystal symmetry, 
SOI, Berry curvature and their spin textures. 
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Main 
 
Topological quantum materials have attracted significant attention in condensed matter physics and 
spintronic technology because of their unique electronic bands with topologically protected spin 
textures1. After the realization of graphene, topological insulators (TIs) and semimetals with Dirac 
Fermions, Weyl semimetals (WSMs) where the electrons behave as Weyl Fermions have been 
discovered2. The WSMs constitute topologically secured Weyl nodes, which exist with opposite 
chirality in the bulk with linear band dispersions in three-dimensional momentum space forming the 
Weyl cones3. The most fascinating revelation in a WSM is the presence of nontrivial Fermi-arc surface 
states that connect the projections of Weyl nodes on the surface Brillouin zone. In a recent 
breakthrough, WSMs of type-I and -II are realized in TaAs and WTe2 family of materials with 
symmetric and tilted Weyl cones, respectively4,5.  
 
The WTe2 with low crystal symmetry hosts unique transport phenomena such as chiral anomaly6,7, 
unconventional quantum oscillations8, huge magnetoresistance9, spin-orbit torque10,11, large spin Hall 
effect12 and quantum spin Hall states in monolayers13, which opens a new era for physics experiments. 
Most importantly, novel spin texture has been discovered in WSMs by photoemission experiments, 
showing spin polarization of Fermi pockets in bulk bands and Fermi arc surface states14,15. In such 
WSMs, the application of an electric field is expected to induce a macroscopic spin polarization, 
known as the Edelstein effect16, that can be utilized to efficiently generate and detect spin currents. 
However, it has not been experimentally realized yet. Previously, in the search for spin-polarized 
sources, various experiments have been reported on TIs17. However, a reliable non-local 
measurement for spin polarization in TIs and its utilization for spin injection into non-magnetic 
materials are so far limited to cryogenic temperatures (below 20K)18,19, because of the interference 
from non-trivial bulk bands17. Therefore, finding a highly efficient spin-polarized topological material 
at room temperature is indispensable for practical applications in spintronics and quantum 
technologies.    
 
Here, we report a highly efficient current-induced spin polarization, i.e. Edelstein effect (EE) and its 
inverse phenomena (IEE), in the type-II Weyl semimetal candidate WTe2 up to room temperature. 
Importantly, we detect an out-of-plane electrical field-induced spin polarization in WTe2 due to spin-
momentum locking of the polarized bulk Fermi states, which is different from the conventional spin 
Hall effect20 and 2D Rashba-Edelstein effect (REE)21. Finally, the detection of both the EE and IEE 
prove the robustness of bulk spin polarization in WTe2 obeying Onsager reciprocity relation and its 
utilization for spin injection and detection in graphene in an all-electrical van der Waals spintronic 
device at room temperature. 
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Figure 1. Electrical detection of Edelstein effect in WTe2 at room temperature. a,b Schematic of 
measurement geometry and device picture (the scale bar is 5 µm) for electrical detection of Edelstein effect in 
WTe2. The investigated device structure consists of a flake of WTe2 (green) in van der Waals heterostructure 
with a graphene channel (gray). The ferromagnetic tunnel contact on graphene is used to detect the current-
induced spin polarization of WTe2. The insets in the schematics show the simplified type-II Weyl semimetal 
band structure, spin-momentum locking due to perpendicular current component kz and the Dirac band of 
graphene. c. Illustration of the Edelstein effect (EE), where a spin accumulation (∆S=∆S+-∆S-) is generated by 
a shift of the Fermi contour (∆kz) caused by a charge current density Ez along -kz. d, e. The nonlocal spin-valve 
measurement (REE=VEE/I, I is the bias current) and corresponding Hanle spin precession signal observed for 
parallel and anti-parallel orientation of the injected spin (s) from WTe2 and magnetization of ferromagnet (M) 
with positive and negative magnetic field B sweep directions at Idc = +50 μA and 300 K in Dev 1.  
 
 
The measurement of EE and IEE has been possible by employing a hybrid device structure of WTe2 
with graphene channel and ferromagnetic tunnel contacts in a reliable non-local (NL) device geometry. 
We fabricated van der Waals heterostructures of WTe2 with graphene taking advantage of its layered 
structure. The schematics and the nanofabricated device picture are shown in Fig. 1a and 1b 
respectively, which consists of WTe2-graphene heterostructure with ferromagnetic tunnel contacts 
(see Methods). The graphene (CVD monolayer and exfoliated few layers) and the WTe2 (20-70 nm 
in thickness) are exfoliated from single crystals (from Hq Graphene). The Raman spectroscopy 
characterization shows the Td-bulk phase of WTe2 at room temperature (see Supplementary Fig. S1a) 
and a low temperature 1T’ structure is known to exist. Crystal structure of WTe2 has a lower symmetry, 
with the space group Pmn21 for bulk WTe2 crystals with only one mirror plane (bc plane) and without 
two-fold rotational invariance10,22. The heterostructures of WTe2 with graphene show good contact 
properties with interface resistance in the range of 1-3 kΩ (see Supplementary Fig. S1b). The 
standard spin injection and detection behavior of ferromagnetic tunnel contacts and spin transport 
properties of graphene were confirmed as shown in the Supplementary Fig. S2. 
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For the measurement of the Edelstein effect (Fig. 1c), an electric current is applied vertically through 
the WTe2 flake, which generates and injects a spin current into the graphene channel (Fig. 1a). The 
spin polarization is detected by a ferromagnetic Co/TiO2 contact (FM) after transport in a graphene 
channel by a NL measurement method. Figure 1d shows the NL spin-valve resistance (REE=VEE/I) for 
bias current of I = +50 μA with an in-plane magnetic field (By) sweep at room temperature. The spin 
resistance REE changes upon reversing the magnetization M direction of the FM detector with respect 
to the directions of the injected spins (s) from the WTe2. To prove that the origin of the signal is purely 
due to a spin current, the Hanle measurements were performed with a perpendicular magnetic field 
Bz sweep along the z-axis (Fig. 1e). Hanle effect induces precession of the spins injected from WTe2 
and transported in the graphene channel about the Bz field with Larmor frequency of ωL=gμB𝐵𝑧/ħ 
(where g is the Lande factor=2 and μB is Bohr magneton) as the projection of the spin current onto the 
magnetization of the detector ferromagnet change. In different devices, we extracted spin parameters 
(with spin diffusion length 0.8−2.4μm, spin lifetime in the range 100−400ps) by fitting the Hanle signals 
(see Supplementary Table 1). The spin injection signal from WTe2 into graphene is reproducibly 
observed in several devices (six devices were investigated) consisting of both monolayer and few-
layer graphene channel with 20−70 nm thick WTe2 flakes (Supplementary Fig. S3 and S4). The 
observation of both the spin valve and Hanle signal is the direct and unambiguous evidence of the 
creation of current-induced spin polarization in WTe2 and subsequent spin current injection and 
transport in the graphene channel at room temperature.  
 
In a WTe2- graphene hybrid device, the source of the spin polarization can have several origins, such 
as spin Hall effect (SHE) and Edelstein effect (EE) from the bulk WTe2, Rashba-Edelstein effect (REE) 
from the surface states12, and proximity-induced SHE and REE in graphene23. Moreover, some of 
these effects can induce the in-plane spin polarization and can be entangled with each other. To 
distinguish different sources of the spin polarization and to identify the origin of the induced spin 
current in our WTe2 device, control experiments with geometrical dependence were performed. We 
first examine the bias current direction dependence of the EE signal (Fig. 2a), where the direction of 
the generated spins s in the WTe2 is found to be dependent on the polarity of the applied current bias. 
Reversing the bias current direction (Idc =+/-50 μA) locks the spins in WTe2 in the opposite direction, 
resulting in an opposite spin polarization and hence an inverted hysteretic behavior of the measured 
spin-valve signal (Fig. 2a). These measurements show that the direction of spin polarization can be 
controlled by electrical means and the spin density is observed to scale linearly with the applied bias 
current (see Supplementary Fig. S3). The linear bias dependence and a sign reversal behavior with 
bias current directions rule out the thermal contributions in the measured signal24,25.  
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Figure 2. Geometry dependence of the Edelstein effect in WTe2. a. Schematics of the measurement 
geometry (solid and dash arrows show the applied bias current directions) and the corresponding EE signal 
with reversal of bias current polarity in Dev 1. The arrows show the switching direction of the signals. b. 
Schematics of the measurement with bias current applied at both sides of the WTe2 flake and corresponding 
spin valve signals measured in Dev 2. This measurement creates a reversal of the component Kx of the bias 
current. c. Schematics of the measurement with bias current applied at both terminals of the WTe2 flake and 
the corresponding spin valve signals measured in Dev 3. This measurement creates a reversal of the 
component Ky of the bias current. 
 
The charge current applied in WTe2 can have three components, i.e. Kx, Ky, and Kz that can possibly 
induce the spin polarization (see schematics in Supplementary Fig. S5). We performed control 
experiments by reversing the bias current polarity along different directions to check the polarity of 
EE signals. As shown in Fig. 2b, the switching directions of EE signal (REE) remain the same with the 
reversal of bias currents along both sides of the WTe2 flake, i.e. the Kx and -Kx directions. Therefore, 
the bias current component in Kx direction is not the source for the current-induced spin polarization. 
Consequently, we can rule out the origins of spin polarizations entangled to Kx-direction, like SHE and 
REE effect in WTe212; and also proximity-induced SHE and REE in graphene26–30. Secondly, when the 
bias current was applied either to one or the opposite terminal (Ky and - Ky directions) of WTe2 (Fig. 
2c), the REE signal switching directions remain the same. This rule out the contribution to the spin 
polarization from the current component in Ky direction. Both the control experiments in Kx and Ky 
directions were reproduced in other batches of devices (see Supplementary Fig. S6 and Fig. S7). To 
be noted, the switching direction of devices on different chips are observed to be different (Fig. 2b 
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and 2c), which can be due to the differences in the orientation of the devices with respect to the 
magnetic field directions (+/- B) (see details in Supplementary Note 2).  
 
All these control experiments indicate that the current component in Kz direction in WTe2 is the main 
source for the generation of spin polarization in the measurement geometry of WTe2-graphene 
devices. Therefore, we attribute the origin of the spin signal to the Edelstein effect in WTe2 due to the 
out-of-plane current-induced spin momentum locking of the spin-polarized Fermi states at room 
temperature14,15. Moreover, the out-of-plane current component along Kz can have two contributions: 
one through the bulk states Kz,B; and the other via the surface states Kz,S (Supplementary Fig. 5c). 
From the recent ARPES measurement on WTe231, it is clear that the surface states indeed do not 
disperse with kz over an entire Brillouin zone and are thus fully two-dimensional (2D) in the kx-kz plane, 
i.e. straight lines at the edge of the bulk electron and hole pockets. The application of an external 
electrical field in kz direction would change the occupation of states and thereby "shift" the Fermi lines. 
However, due to the small extension of the Fermi line, the area ∆S would be vanishing small, thus, 
nearly no states would contribute. In other words, since the states do not disperse in kz direction, their 
velocity vz vanishes and no transport is induced by the external electric field in the z-direction. 
Therefore, we believe, the Edelstein effect observed here in WTe2 is due to the spin polarized bulk 
Fermi states.    
 
To further confirm the orientation of spin polarization from WTe2, we also performed the angle-
dependent measurements of the EE signals both with in-plane and out-of-plane B field sweeps in Dev 
4 (see Supplementary Fig. S8). The measured EE signal is observed to evolve from a spin valve 
signal to a Hanle signal with changing the angle from 0 to 90 deg. Considering the direction of the 
spin current Is, the spin polarization s and bias current Kz, the contribution of SHE from WTe2 can also 
be ruled out. These systematic measurements again support the observation of the EE in bulk WTe2. 
The EE measurements in WTe2 using both the spin valve and Hanle geometry were also performed 
as a function of gate voltage (Vg) in Dev 4 (see Supplementary Fig. S9), where an enhancement of 
the EE signal magnitude is observed close to the Dirac point of graphene. As the metallic WTe2 
channel resistance does not show any obvious modulation with Vg (Supplementary Fig. S10), the 
increase of EE signal can be attributed to the increase in graphene channel resistance in the 
heterostructure and conductivity matching issues at the interface (Supplementary Fig. S9c). However, 
in the conventional spin valve signals with both FM injector and detector contacts on graphene, a 
small modulation of spin signal magnitude is observed (Supplementary Fig. S10)32. This increasing 
trend of EE signal with Vg suggests a possible enhancement of the spin injection efficiency from WTe2 
to graphene near the graphene Dirac point. 
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Figure 3. Temperature dependence of Edelstein effect in WTe2. a. Temperature dependence of the 
Edelstein effect in WTe2 (REE=VEE/I, with I=-50μA in Device 2 in the range of 10-300 K. b. Top panel: 
Temperature dependence of the WTe2-graphene interface resistance. Bottom panel: Temperature dependence 
of the EE signal magnitude. The error bars are estimated from the noise in the measured EE signal.    
 
Next, the temperature-dependent measurements of the EE in WTe2 were carried out to correlate the 
basic characteristics of the Weyl materials and their spin polarization. The WTe2 has been 
experimentally verified to be a type-II Weyl semimetal by observing the negative 
magnetoresistance8,33 and the anomalous-quantum oscillation8 at low temperatures. However, the 
verification of WTe2 to be a type-II Weyl semimetal at room temperature is still under debate31,34,35, 
because the momentum difference for Weyl points (WPs) is beyond the resolution of ARPES 
measurement31,36,7. Hence, it is intriguing to check the temperature dependence of the signal and its 
relationship with the possible Weyl phase transition at a lower temperature8,33. Figure 3a shows the 
temperature dependence of the EE signals from WTe2, measured in Dev 2 in the temperature range 
of 10 – 300 K at a fixed bias current I =-50μA. The switching direction of the measured EE signal in 
WTe2 remains the same throughout the temperature range indicating that the origin of the spin 
polarization remains the same. The obvious slightly larger switching field observed for the signal at 
lower temperatures is due to an increase in the coercive field of the FM detector contact. The 
modulation of the magnitude of the EE signal of WTe2 is plotted with temperature in Fig. 3b (lower 
panel), where two different regimes were observed. The signal magnitude is weakly temperature-
dependent in the range 175 – 300K, whereas a notable decrease is observed below 175K. As spin 
transport parameters in graphene are known to weakly dependent on temperature37, we identified 
that the decrease in EE magnitude can be due to the increase in WTe2-graphene contact resistance 
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at lower temperatures (Fig. 3b upper panel). The increase in WTe2-graphene contact resistance could 
cause a decrease in spin injection efficiency form WTe2 into graphene, while the other parameters 
were very stable with temperature (see Supplementary Fig. S11). The increased noise level in the EE 
signal at the lower temperature can also be due to the larger WTe2-graphene contact resistances. All 
these measurements suggest that the observed bulk EE effect is robust from 10K to room temperature 
and the spin-polarized bulk Fermi states in WTe2 should be present through all the measured 
temperature range.  
 
 
Figure 4: Inverse Edelstein effect in WTe2 at room temperature. a. Schematics of the inverse Edelstein effect 
(IEE) measurement configuration with spin current injected into the WTe2 from the FM/graphene structure. b. 
Illustration of the IEE, where a spin polarization along the y-axis is injected into the WTe2, leading an extra 
population (injection) at +Kz of the Fermi contour, while a depletion (extraction) at -Kz part. This results in a net 
charge current along the z-axis. c, d. Measured data of both spin valve and corresponding z Hanle signal with 
the fitting curve for both EE and IEE in Device 1 with an application of I=-70µA at room temperature. The Hanle 
signal of the (I)EE is defined by R(I)EE= (V(I)EE(P)-V(I)EE (AP))/(2*I).  
 
To check the reciprocity38 of the Edelstein effect in WTe2, the inverse Edelstein effect (IEE)39,40 
measurements were also performed at room temperature (see Fig. 4a). Here, the spin current is 
injected from an FM tunnel contact into a graphene channel and subsequently detected by the WTe2 
due to the IEE effect in a NL measurement geometry. The spin current with spin polarization s along 
the y-axis is absorbed into the WTe2, leading an extra accumulation spin population (injection) at the 
+Kz of the Fermi contour, while a depletion (extraction) at -Kz41 (Fig. 4b). This results in a net charge 
current in the Kz direction in the WTe2 flake. By reversing the FM magnetic moments by an external 
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in-plane magnetic field sweep, the opposite spins –s are injected into the graphene channel and 
subsequently absorbed by the WTe2, which induces a charge current -Kz. A clear hysteric switching 
behavior of the measured voltage signal is observed with By magnetic field sweep, with the switching 
fields corresponding to the magnetization switching of the spin injector FM electrode (Fig. 4c). 
Importantly, both the IEE and EE signals measured in the same device show a good Onsager 
reciprocity with comparable signal magnitude and opposite switching directions, i.e. REE(B)=RIEE(-B) 
(Fig. 4c). The IEE effect is reproducibly observed in different devices and the magnitude of the signal 
is also found to scale linearly with spin injection bias current and changes sign with the bias polarity 
(see Supplementary Fig. S12 for data on Dev 2). As a confirmatory test for the observed IEE effect, 
corresponding Hanle spin precession measurements were also performed with application of an out-
of-plane magnetic field Bz in the same NL measurement geometry. Figure 4d shows the measured 
modulation of signal RIEE=VIEE/I as detected by IEE in WTe2 due to spin diffusion and precession in 
the graphene channel.  
We estimate the bulk EE charge-spin conversion efficiency α(I)EE in WTe2 to be up to 9% by fitting the 
Hanle curves of (I)EE signals (see details in Supplementary Note 1). The calculated Edelstein length 
λEE= α(I)EEλWTe2≈0.72nm (considering λWTe2=8nm12). The observed large charge-spin conversion 
efficiency in WTe2 is believed to be due to the spin polarization of bulk states, broken space inversion 
symmetry and a significant influence of SOI in WTe2 as known from the band structure calculations 
and spin-resolved ARPES results15. Interestingly, our measurements show that the charge-spin 
conversion is not restricted at the 2D surface but originates in the bulk Weyl semimetal WTe2. From 
our control experiments we could rule out the origins of the observed spin polarizations related to 
SHE and REE in WTe212; and also proximity induced SHE and REE in graphene26–30. These 
observations of perpendicular current-induced Edelstein effect are fundamentally different from the 
conventional REE, which is an interface phenomenon where the spins and current density are 
confined in the 2D plane40,42 as measured in the heterostructures of metals40 and oxides43, topological 
insulator41,44, TMDCs45 and in graphene heterostructures with MoS226, WS227,30, TaS228 and MoTe229. 
Furthermore, electrically created bulk spin polarization in WTe2 could be injected and detected in the 
graphene channel at room temperature, avoiding problems existing in topological insulators18,19.   
 
In summary, we demonstrated the electrical creation, detection, and control of the bulk Edelstein 
effect and its inverse phenomenon in type-II Weyl semimetal candidate WTe2 up to room 
temperature. Contrary to conventional bulk spin Hall effect and surface states dominated Rashba-
Edelstein effect, the Edelstein effect is shown here to be created in bulk WTe2 due to a 
perpendicular current-induced spin-momentum locking. Furthermore, the spin polarization created 
in WTe2 is shown to be utilized for spin injection and detection in a graphene channel in an all-electrical 
van der Waals heterostructure spintronic device at room temperature, which circumvents the problem 
existing in topological insulators for spin injection into graphene below 20K. Looking forward, such 
unique spin-polarized electronic states in Weyl semimetal candidates with novel spin topologies and 
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low crystal symmetries can be further tuned by tailoring their electronic band structure through 
enhancing their spin-orbit interaction strength and increasing the separation between the Weyl nodes 
through Berry curvature design. These findings in Weyl semimetals for efficiently transforming the 
electric current into a spin polarization at room temperature is highly desirable for energy-efficient 
read-write processes in spintronic memory and information processing technologies.   
 
Methods 
 
The devices with monolayer CVD graphene on Si/SiO2 substrate (from Groltex) was patterned by electron beam 
lithography (EBL) followed by an O2 plasma etching. The WTe2 (from Hq Graphene) flakes were exfoliated and 
dry transferred on to the CVD graphene in the N2 atmosphere inside a glovebox. The few layers graphene 
devices were mechanically transferred onto the n-doped Si substrate with 300 nm SiO2. The WTe2 flakes were 
exfoliated and dry transferred on to the few-layer graphene in by a transfer stage in a class 100 cleanroom 
environment. For the preparation of ferromagnetic tunnel contacts to graphene, a two-step deposition and 
oxidation process were adopted, 0.4nm Ti was deposited followed by a 30 Torr O2 oxidation for 10 mins each, 
followed by 100 nm Co deposition. Measurements were performed by inside a vacuum cryostat and a PPMS 
measurement system in the temperature range of 10-300K with a magnetic field and a sample rotation stage. 
The electronic measurements were carried out using current source Keithley 6221, nanometer 2182A and dual-
channel source meter Keithley 2612B.   
 
Data availability 
The data that support the findings of this study are available from the corresponding authors on reasonable 
request. 
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